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A.  INTRODUCTION 


The  decomposition  of  A I - 10%  Zn,  Al-I .1?  SI,  and  A I - 1 0$  Zn-I.l$  SI  alloys  was 
studied  using  a 200-kV  electron  microscope  In  order  to  characterize  microstructures 
after  different  ageing  treatments  and  to  relate  the  structures  to  mechanical  prop- 
erties. This  determination  of  quasl-statlc  properties  was  undertaken  as  part  of  a 
study  of  the  response  of  the  microstructure  of  these  alloys  to  shock  loading 
(Section  II). 

Aluminum-zinc  alloys  have  been  studied  extensively  over  the  last  ten  years  by 
various  methods  Including  resistivity,  hardness,  small -angle  X-ray,  and  microscopic 
methods.  The  first  decomposition  product  for  Al-Zn  alloys  has  been  established  as 
spherical,  coherent  Gul nler-Preston  (G.P.)  zones  by  small-angle  X-ray  scattering 
measurements  (I).  The  mode  of  decomposition  proposed  was  nucleatlon  and  growth. 
Cahn  (2)  and  Hillert  (3)  have  proposed  a theory  of  spl nodal  decomposition  which 
predicts  that  decomposition  Is  Initiated  by  selective  growth  of  sinusoidal  composi- 
tion fluctuation.  Rundman  and  Hilliard  (4)  have  determined  the  coherent  splnodal 
curve  for  the  binary  Al-Zn  alloy,  and  recent  experimental  confirmation  of  the 
splnodal  decomposition  by  magnetic  susceptibility  methods  has  been  achieved  (5). 

For  AI-6.8  at.  % Zn,  the  splnodal  temperature  has  been  determined  (6)  to  be 
129°  + -2°C. 

The  decomposition  of  supersaturated  Al-Zn  Is  complicated  by  the  fact  that 
there  exists  a miscibility  gap  for  the  G.P.  zones.  The  G.P.  zone  solvus  line  for 
the  Al-rtch  side  has  been  well  established  up  to  200°C  (7),  while  the  rest  of  the 
metastable  miscibility  gap  still  lacks  general  agreement.  Another  metastable 
phase,  the  so-called  "R"  phase.  Is  also  found  to  form  In  Al-Zn  alloys,  with  Zn  In 
excess  of  6%.  Slmerska  and  Syneck  (8)  and  Rao  et  al . (9)  have  shown  the  existence 
of  this  transitional  rhombohedral  phase  by  X-ray  diffraction  methods. 
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The  precipitation  sequence  In  Al-Zn  based  on  present  knowledge  can  be 
characterized  Into  the  following  five  stages: 

1)  Spherical  G.P.  zones,  coherent  with  the  cubic  matrix,  form  either  by 
nucleatlon  and  growth  or  by  sptnodal  decomposition,  depending  upon  the  composition 
and  ageing  temperature. 

2)  Spherical  zones  grow,  and  because  of  the  anisotropy  of  the  coherency 
strains  become  ellipsoidal  In  shape,  with  a contraction  of  spacing  along  one 
<J I l>  direction. 

3)  The  zones  become  partially  coherent  and  form  the  rhombohedral  R phase, 
which  are  platelets  parallel  to  the  {III}  planes  of  the  matrix. 

4)  The  R phase  loses  Its  partial  coherency  and  forms  a non-coherent  cubic 
a'  phase. 

5)  Stable  zinc  precipitates  are  formed  by  continuous  precipitation  from  the 
o'  phase.  The  hexagonal  zinc  platelets  have  their  basal  plane  (001)  parallel  to 
the  (III)  planes  of  the  a matrix.  Discontinuous  precipitation  of  zinc  Is  also 
observed  at  grain  boundaries  and  dislocations. 

The  present  study  of  AI-10  wt  % Zn,  A I — 1 0 wt  % Zn-I .1  wt  % SI,  and 
Al-I.l  wt  % SI  Included  observation  of  the  precipitation  phenomenon  after  an 
ageing  treatment  at  I00°C.  The  ageing  temperature  of  I00°C  Is  above  the  sp I nodal 
temperature  but  well  below  the  G.P.  solvus  line.  The  precipitation  mode  Is 
believed  to  be  nucleatlon  and  growth.  Naudln  and  A I lain  (10)  have  shown  that  G.P. 
zones  formed  by  nucleatlon  and  growth  have  a larger  size  and  a narrower  distribu- 
tion of  size  range.  The  ternary  Al-Zn-SI  alloy  was  studied  to  observe  the  effect 
of  small  additions  of  SI  to  the  Al-Zn  alloy.  AI-SI  alloy  was  also  studied  for 
the  sake  of  comparison. 

B.  EXPERIMEhfTAL  METHODS 

The  alloy  specimens  were  solution  heat-treated  at  540*  t 5#C  In  a tilt 
furnace  for  I hr  and  then  quenched  to  0°C  In  Ice  water.  The  specimens  were  then 
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Immediately  transferred  to  a 300°C  furnace  and  held  there  for  3 min.  This  was 
followed  by  an  Ice  water  quench,  and  the  samples  were  then  aged  at  room  temperature 
for  48  hr.  The  specimens  were  then  aged  at  I00°C  for  various  times  up  to  7 days. 

The  specimens  for  tensile  tests  were  cut  from  a rolled  sheet  perpendicular  to 
the  rolling  direction.  The  gauge  length  was  1.25  In.,  and  the  tensile  tests  were 
conducted  at  room  temperature  using  an  Instron  tensile  machine  at  a strain  rate  of 
0.02  In. /min.  Specimens  for  transmission  electron  microscopy  (TEM)  were  obtained 
by  spark-cutting  3-mm  discs  from  the  region  under  the  grips.  Also,  TEM  specimens 
were  made  by  punching  out  discs  from  a rolled-out  strip.  These  specimens  were 
electrothlnned  by  Jet  polishing  using  a 25$  n!tr1c-75$  methanol  electrolyte  at 
-20°C  with  a current  of  0.2  amp  and  30  V.  Transmission  microscopy  studies  were 
performed  with  a 200  KV  JEM  electron  microscope. 

C.  EXPERIMENTAL  RESULTS 

1 * AI~Zn 

Figure  I shows  the  results  of  the  tensile  tests  for  Al-Zn.  The  yield  stress 
and  the  tensile  stress  (0.2$  elongation)  showed  an  Initial  decrease  In  stress  and 
reached  a minimum  value  of  4.2  x I03  psl  for  8 hr  ageing  at  I00°C.  The  stress  then 
Increased  for  longer  ageing  times.  A similar  trend  was  also  observed  for  Al-Zn-SI 
(Fig.  2),  but  the  change  was  less  drastic.  The  yield  stress  dropped  from  a maximum 
of  12  x !03  psl  with  no  ageing  at  I00°C  to  a minimum  of  8.7  x I03  psl  for  ageing  of 
I hr  at  I00°C.  Figure  3 shows  the  variation  In  ultimate  stress,  and  Fig.  4 shows 
the  variation  In  ductility  (percentage  elongation  to  fracture)  for  Al-Zn  and 
Al-Zn-SI.  Al-Zn-SI  shows  no  substantial  change  In  ductility.  In  contrast  to  which 
Al-Zn  shows  a maximum  (32$)  corresponding  to  the  ageing  time  at  which  a minimum  In 
stress  Is  observed. 

Another  series  of  tension  tests  was  made  with  specimens  which  were  held  at 
300°C  for  various  time  durations  after  solution  heat  treatment  and  were  not  given 
any  ageing  treatment  at  I00#C.  The  summary  of  these  tests  Is  shown  In  Fig.  5.  It 
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can  be  seen  tha-.  for  Al-Zn  there  was  an  Initial  Increase  In  yield  stress  with 
treatment  of  up  to  30  min  at  300°C;  thereafter  the  stress  dropped.  For  Al-Zn-Sl 
there  was  a gradual  decrease  a I I the  way  up  to  24  hr  at  300°C. 

TEM  specimens  were  cut  from  the  region  under  the  grips.  They  were  found  to 
contain  too  large  a density  of  dislocations  and  could  not  be  used  to  study  the 
precipitate  size  and  shape.  Another  set  of  specimens  was  punched  out  from  a rol led 
strip  and  was  given  heat  treatments  corresponding  to  that  given  for  the  tensile 
test  specimens.  In  Fig.  6,  the  mean  precipitate  size  Is  plotted  as  a function  of 
the  ageing  time  at  I00°C.  For  Al-Zn,  no  significant  change  In  size  Is  noted 
except  for  long  ageing  times  (7  days).  The  spherical  solute-rich  G.P.  zones  were 
Initially  coherent,  and  their  growth  was  greatly  dependent  on  the  vacancy  super- 
saturation. The  kinetics  of  G.P.  zone  formation  and  growth  Is  known  to  be 
controlled  by  the  quenched- In  excess  vacancies  (II,  12).  The  negligible  growth 
of  G.P.  zones  Is  attributed  to  the  fact  that  the  specimens,  after  solution  heat 
treatment,  were  held  for  3 min  at  300°C.  The  quenched-ln  vacancy  concentration 
after  the  above  treatment  was  significantly  lowered.  The  zone  size  after  solution 
heat  treatment  and  without  the  300°C  treatment  was  found  to  be  35  A.  Figure  7 Is 
a brlght-fleld  Image  of  the  above  specimen,  and  It  shows  a large  number  of  disloca- 
tion loops.  Indicative  of  high  vacancy  supersaturation.  The  matrix  Is  seen  to 
contain  spherical  G.P.  zones  with  a mean  size  of  about  35  A.  Figure  8 Is  a 
micrograph  of  an  Al-Zn  specimen  that  was  subjected  to  a 300°C  treatment  for  3 min 
after  solution  heat  treatment.  Besides  G.P.  zones  (50-70  A)  In  the  matrix,  some 
grain  boundary  precipitation  was  also  observed  In  the  form  of  discontinuous  I y 
precipitated  zinc.  Figure  9a  shows  a specimen  thaJ  was  aged  at  I00°C  for  7 days; 
the  G.P.  zones  appear  to  have  grown  to  about  120  A.  A number  of  heterogeneously 
nucleated  zinc  precipitates  are  also  seen.  The  selected  area  diffraction  pattern 
(Fig.  9b)  shows  additional  spots  due  to  these  precipitates.  Further  verification 
of  the  precipitate  structure  In  Al-Zn  for  longer  ageing  time  Is  being  done. 

i | 


~Tf~ 

- r ! ' 

T” 

- 

1 . 

■Hi 

m 

rr 

UK 

. 

_ l _ 

I ; 

j..,  , 

nr. 

k 

10 

Y 

• ; | 

. 

4^» 

. u 

1.  ! 

1 

• 

k 

i “ 

• 

T.  ’ 

if 

! 

■ 

. 

_ J * : •- 

T—  — — 

, 

: 1 

! t- 

• 

4 

} .» 

• i 

L_ 

j 

- h-TT 

1 

I"1 

T*i 

• 

! 

4 ' 

Yi 

1 

-j—  i 

T' 

. 

'L. 

! -i 

■i- 

1 

j 

. 

■ 4 * 

n 

i ; 

4 ' 

• 

T 

. 

: : 

. 

If 

-- 

■*> 

\ 

. J 

i>  _ . . . 

~ 

k 

♦ V 

- 

' 'T 

' 

> . 

! 1 

1 • 

■ii.  . 

, 

*.  1 

_ 4_ 

p 

tr 

t 

| 

V 

! 

' 

_ 

•J  : 

■ ■ 

‘ 

. 

I-,  i 

i 

■ i 

■*  -Y 

. 

■ 

/ 

1 

| 

. * 

-••1 

- 1 

• 

A 

■■“5  1 r 

1 

n 

_ isi. 

/ 

i 

T. 

f t 

: 

.•  fn 

{ 

f; 

--  -r 

..L 

h 

ii  i 

[•  ‘Ai“. 

* * r 

, 

",  j. 

i 1 

% ? 

T 

! 

. 

£ „ 

..  :l  . 

..jfl 

j 

1 1 • : 

) 

11  ti 

r 

j 

E 

i f1 

1 

1 i 

■ f 

i 

h ..  J- 

$ ] 

■ ! 

tf 

■ 

J 

TT 

■ _i_. 

* 

'■  j 

■ , 

\ 

J 

- 

i 

“ . 

_ : 

■1 

H~ 

1 

i. . - 

' 

■ 

! j 

\ 

k 

» 

' 

' : r 

1 

_k 

\ 

1 

i.  . 

Kit 

■ i 

.. 

< 

• 

i . 

\ 

1 

i 

v 

. 

. 

■ 1 1 *■ 

1 

- 

• f 

• -ii  ■ 

. j . 

\ 

~ 

• -1 

1 

1 

1 

j 

- ' u 

J 

.J 

■r 

1 

~ i 

h 

._4_. 

\ 

...j 

. 

...J 

ii 

-1 

... i._ 

Li 

1 

1 

i. 

L 

i 

• ■ 

. *. 

..  . 

**4  3 

^L. 

V 

... 

* 

i\ 

J 

j 

( • 

ul 

V 

■ - 

i | 

'■  1 * • ■ 

3 

.U*L  - 

J 

M 

— 

i 

— <. 

— 

C3 

‘*1 

| 

• 

' :f 

■r 

. - 

W1 

T 

uv 

’"V 

- 1 ■ 

...  . 

- L— L 

1* 

— " 

L|Y 

{ 1 1 

j 

,.4__  J 

i ■ 

' 

Kf\, 

' 

J 

T ' 

..  ’ 

! 

Lit 

l 

I 

. 

1 

‘ 1 

. 

r k: 

I ' 

“1 

■ 

1. 

~7T1 

" 

j _ 

l 

t:U 

1 

...  -J 

lX 

Bright-field  image  of  Al~Zn  after  solution  heat 
Zone  axis  [110].  Mag.  50,000.  Dislocation 
I G.P.  zones  (35  A)  are  seen. 


Fig.  8.  Bright-field  image  after  3 min  at  300°C.  Zone 
axis  [211],  Mag.  15,000.  Grain  boundary  precipitates  and 
G.P.  zones  in  matrix  (50-70  A). 


Fig.  9b.  Selected-area  pattern  of  the  above  specimen 
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2.  Al-Zn-Sl 

The  sequence  of  decomposition  In  Al-Zn-Sl  was  studied  In  order  to  examine  the 
effect  of  the  addition  of  small  amounts  of  SI  to  the  Ai-Zn  alloy.  Figure  6 shows 
the  variation  In  precipitate  size  as  a function  of  ageing  time.  These  specimens 
were  subjected  to  a 300 °C  treatment.  Without  the  300°C  treatment,  the  mean  G.P. 
zone  size  was  about  40  A (Fig.  10).  When  given  a 3-mln  treatment  at  300°C,  a large 
number  of  spherical,  ellipsoidal,  and  platellke  precipitates  were  seen.  The  mean 
size  of  the  largest  diameter  was  about  110  A (Figs.  Ila  and  b).  The  grain  boundary 
regions  showed  a PFZ  of  width  1500  A (Fig.  lie).  The  precipitates  were  observed  to 
grow  to  about  230  A (Fig.  12)  after  I hr  ageing.  A decrease  In  precipitate  size 
occurred  for  longer  ageing  times  (Fig.  13).  The  diffraction  patterns  show  addi- 
tional spots,  which  could  be  Indexed  as  silicon  spots  of  Cl  1 1 H,  C220],  and  C3 1 1 1] 
types  (Fig.  14). 

3.  AI-SI 

Al-Sl  alloys  were  examined  for  ageing  times  of  I hr  to  7 days  at  I00°C.  These 
specimens  showed  Incoherent  platellke  precipitates.  After  7 days'  ageing,  the 
structure  was  as  shown  In  Fig.  15.  The  diffraction  patterns  showed  a complex 
pattern  of  additional  spots  (Fig.  15b).  Three  rings  could  be  Identified  as  coming 
from  (III),  (220),  and  (311)  planes. 

D.  DISCUSSION 

The  Insignificant  growth  observed  for  Al-Zn  can  be  attributed  to  the  300°C 
treatment,  which  reduces  the  vacancy  concentration.  The  fact  that  G.P.  zone  growth 
Is  greatly  Influenced  by  the  excess  vacancies  has  been  well  established  by  resis- 
tivity measurements  (II,  12).  This  Is  a mea, ■*  by  which  the  kinetics  of  zone  forma- 
tion and  growth  can  be  slowed.  At  longer  ageing  times,  the  formation  of  zinc 
particles  both  by  growth  of  homogeneously  nucleated  o'  precipitates  and  hetero- 
geneously nucleated  zinc  particles  Is  expected,  and  this  was  observed  in  the 
specimens  despite  the  300*C  treatment. 


Bright-field  (11a)  and  dark-field  (lib)  images  of  Al-Zn-Si  after 
itment  at  300°C.  Grain  boundary  region  (110)  showing  P.F.Z. 


FIr.  12.  Bright-field  image  of  Al-Zn-Si  after  1 hour  at  100°C.  Zone  axis 
[111].  Mag . 15,000. 


Fig.  13.  Rright-field  image  of  Al-Zn-Si  after  24  hours  at  ]00°f. 
[211],  Mag.  50,000. 


Zone  axis 


Fig.  15a.  Bright-field  image  of  Al-Si  alloy  after  7 days'  ageing  at  100  C 
Zone  axis  [211].  Mag.  50,000. 


Fig.  15b.  Selected-area  diffraction  pattern  (100)  of  the  above 

specimen. 
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In  Al-Zn-SI  the  larger  precipitates  observed  are  attributable  to  SI,  since 
the  6.P.  zones  In  Al-Zn  showed  no  appreciable  growth.  These  large  precipitates  In 
Al-Zn-SI  were  similar  to  those  observed  In  AI-SI.  The  Initial  drop  In  tensile 
strength  with  ageing  may  have  resulted  from  the  loss  of  coherency  of  spherical 
G.P.  zones.  The  G.P.  zones  formed  Immediately  after  solution  heat  treatment  and 
are  believed  to  be  coherent  up  to  about  100  A.  Al-Zn  alloys  were  found  to  exhibit 
lower  ultimate  strength  than  Al-Zn-SI,  and  a comparison  of  their  grain  size  shows 
that  Al-Zn  has  almost  fivefold  larger  grain  size  (850  p)  compared  to  Al-Zn-SI 
(175  p)  (Figs.  16a  and  b).  This  effect  of  small  additions  of  SI  on  grain  size  Is 
Interesting  and  warrants  further  Investigation. 

E.  CONCLUSIONS 

The  slowing  down  of  the  kinetics  of  G.P.  zone  formation  by  using  an  Inter- 
mediate heat  treatment  of  300°C  can  be  used  to  study  the  early  stages  of  decomposi- 
tion In  Al-Zn  alloys.  Precipitate  growth  resulting  from  other  treatments  such  as 
shock  loading  can  now  be  studied.  Such  a study  Is  presented  In  the  following 
section. 

II.  THE  EFFECT  OF  SHOCK  LOADING  ON  ALUMINUM  ALLOYS 
A.  INTRODUCTION 

The  mlcrostructural  response  to  shock  loading  has  generated  considerable 
Interest,  as  It  has  been  demonstrated  that  shock  damage  Is  Influenced  by  the 
microstructure  In  addition  to  other  variables  such  as  peak  pressure  and  rise  time 
of  the  shock  wave.  The  physical  aspects  of  the  shock  wave  and  the  dynamic  fracture 
mechanics  have  been  extensively  studied  and  reported.  The  macroscopic  approach  to 
the  problem  of  high  strain  rate  deformation  relates  the  stress  and  strain  to  such 
material  properties  as  moduli,  yield  stress,  ultimate  and  fracture  strength,  and 
strain-hardening  coefficients.  The  sub-microscopic  approach  relates  the  specimen 
response  of  dynamic  loading  to  the  grain  size,  sub-grain  size,  preferred 
orientation,  and  second-phase  particles. 


Ffg.  16b.  Optical  micrograph  of  solution  heat-treated  Al-Zn-Si  showing  the 
grain  size  (150  p)  . Mag.  20. 
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In  a typical  shock  loading  experiment  the  specimen  fractures  because  of 
tensions  set  up  by  the  Interaction  of  the  compressive  shock  wave  and  the  reflected 
wave  from  the  free  surface.  The  fracture  can  be  either  ductile  or  brittle  In 
nature  and  may  result  from  the  nucleatlon,  growth,  and  coalescence  of  microcracks 
and  voids.  The  passage  of  a shock  wave  In  a material  produces  numerous  effects, 
some  of  which  may  be  transient  while  others  are  residual.  The  residual  changes 
are  much  easier  to  measure  and  study.  Some  of  the  residual  effects  Include  phase 
transitions,  magnetic  effects,  density  changes,  thermo  luminescence,  lattice 
sublimation,  production  of  color  centers,  and  defect  structures.  This  last  effect 
Includes  the  generation  of  a high  density  of  dislocations,  vacancies,  stacking 
faults,  and  deformation  twins.  Most  of  these  effects  have  been  reviewed  by  Doran 
and  Linde  (13).  Another  recent  review  of  phase  transitions  due  to  shock  loading 
has  been  published  by  Duvall  and  Graham  (14). 

The  aim  of  the  present  study  was  to  observe  the  mlcrostructural  changes  In 
Al-Zn-SI,  Al-Zn,  and  AI-SI  alloys  after  the  passage  of  a planar  shock  wave.  These 
alloys  were  given  different  heat  treatments,  and  the  mlcrostruc"*  jre  prior  to  and 
after  shock  loading  was  examined  using  optical  microscopy,  scanning  electron 
microscopy,  and  TEM.  A possible  explanation  for  the  observed  macroscopic 
deformation  was  sought  In  terms  of  the  microstructure. 


B.  EXPERIMENTAL  METHODS 

A 1 — 1 0 wt  % Zn-I.l  wt  % SI,  AI-IO  wt  % Zn,  and  Al-I.l  wt  t SI  alloys  were  made 
Into  cylindrical  specimens  (I  In.  long  and  0.5  In.  In  diameter)  and  given  two 
different  heat  treatments  as  noted  below: 

I)  SLA- 1 A (Al-Zn-SI ) Solution  heat-treated  at  540°  + 5°C  for  I hr; 

SLB-IA  (Al-Zn)  quenched  to  0®C  In  Ice  water;  300°C  treatment 

SLC-IA  (AI-SI)  for  3 min;  quenched  to  0°C;  and  aged  at  room 

temperature  for  48  hr 


2)  SLA-2A  (Al-Zn-Sl) 
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SLB-2A  (Al-Zn) 
SLC-2A 


Same  as  above  plus  aged  for  24  hr  at 
100°  + 2°C 


The  heat-treated  specimens  were  mounted  In  cylindrical  blocks  3 In.  In  diameter 
and  were  shock-loaded  using  a high  explosive  plane  wave  generator.  An  aluminum 
buffer  plate  (3.5  In.)  was  used  to  obtain  an  attenuated  peak  pressure  of  58  kbars 
at  the  entry  surface.  The  pressure  at  the  lower  free  surface  was  35  kbars,  and  the 
wave  was  allowed  to  reflect  back  Into  the  specimen  (t,e.,  no  momentum  traps  were 
used).  The  specimens  were  recovered  In  styrofoam  and  water  relatively  free  from 
secondary  damage.  The  specimens  were  then  sectioned  In  half  longitudinally,  using 
a spark  erosion  machine.  One  half  was  polished,  using  0.25-y  diamond  paste,  and 
used  for  optical  and  scanning  electron  microscopy.  The  other  half  was  again  cut 
In  half,  and  one  part  was  sliced  Into  thin  slices  of  about  0.020  In.  perpendicular 
to  the  shock  direction.  A disc  of  3-mm  diameter  was  cut  from  each  slice  from  a 
region  close  to  the  specimen  axis  and  used  to  prepare  the  specimens  for  TEM. 

TEM  specimens  were  made  by  electropol I shl ng  In  a solution  containing  25?  nitric 
acid  and  75?  methanol  at  -20°C  In  a Jet  polishing  unit.  Selected  samples  from 
different  positions  along  the  shock  direction  were  examined  In  a 200-kV  electron 
microscope. 

C.  RESULTS 

I . Macroscopic  Observations 

Figures  17a,  b,  and  c show  macrographs  of  sections  of  the  three  alloys  which 
were  aged  at  room  temperature  and  then  shock-loaded.  It  can  be  seen  that  the  least 
damage  occurred  In  the  Al-Zn-Sl  alloy  (SLA-IA)  and  the  maximum  In  the  AI-SI  alloy 
(SLC-IA).  Figure  18  Is  a plot  of  the  specimen  diameter  at  different  positions  from 
the  loaded  end.  The  relative  necking  was  a maximum  for  AI-SI,  and  for  each  case 
the  minimum  In  diameter  occurred  near  the  region  of  maximum  damage. 
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Figures  19a,  b,  and  c are  macrographs  of  Al-Zn-SI,  Al-Zn,  and  AI-SI  which  were 
shocked  after  an  ageing  treatment  at  I00°C  for  24  hr.  AI-SI  showed  a complete 
spall,  and  the  least  damage  was  found  In  the  Al-Zn-SI  alloy.  Figure  20  Is  a plot 
of  the  change  In  specimen  diameter  vs  distance.  Comparison  of  the  shock  damage  of 
the  same  alloy  at  two  different  heat  treatments  showed  that  In  the  case  of  Al-Zn-SI 
and  Al-Zn,  greater  damage  occurred  for  the  specimens  aged  at  room  temperature. 

For  AI-SI  the  shock  damage  was  greater  (complete  spall)  when  aged  at  I00°C  for 
24  hr  before  shock  loading. 

Pore  size  measurements  were  made  using  an  optical  microscope  along  the  central 

axis.  The  number  of  pores  In  the  size  range  20-100  y were  counted  from  an  area 
2 

0.25  x 0.35  cm  along  the  specimen  axis  In  Intervals  of  0.25  cm.  Figure  21  shows 
the  number  of  pores  vs  the  distance  for  an  Al-Zn-SI  specimen.  A maximum  In  the 
curve  Is  seen  between  1.75  and  2 cm  from  the  loaded  end.  This  Is  In  the  same 
region  wht>re  the  minimum  In  specimen  diameter  occurs  (see  Fig.  20).  The  micro- 
graphs corresponding  to  this  region  are  shown  In  Fig.  22. 

Pore  size  measurements  for  an  Al-Zn  specimen  are  shown  In  Fig.  23.  In  this 
case,  a number  of  maxima  were  observed  In  the  number  of  pores  counted.  The 
apparent  decrease  In  the  total  number  of  pores  counted  In  the  region  of  spall  crack 
resulted  because  a large  part  of  the  area  Is  occupied  by  the  crack  which  Is  formed 
by  the  coalescence  and  linkage  of  pores.  It  can  be  seen  that  In  this  specimen 
there  are  three  major  spall  cracks.  Figure  24  shows  the  region  of  the  Al-Zn 
specimen  I .5  to  2 cm  from  the  loaded  end. 

2.  Transmission  Electron  Microscope  Results 

The  dislocation  sub-structures  observed  for  both  Al-Zn-SI  and  Al-Zn  showed  a 
planar  network  of  a very  high  density  of  tangled  dislocations.  No  dislocation  cell 
structure  was  seen  for  either  ageing  treatment.  Figure  25  Is  a brlght-fleld 
electron  micrograph  showing  a typical  dislocation  sub-structure  In  shock-loaded 
aluminum  alloy.  The  Al-Zn-SI  specimen  was  aged  at  !00°C  before  shock  loading,  and 


Fig.  19a.  Al-Zn-Si 


Pig. 19.  Macrographs  of  sections  of  aluminum  alloys  shook-] oaris^ 
after  ageing  at  100°c  for  24  hr. 


Fig.  19b.  Al-Zn 


Fig. 19c.  Al-Si 
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Planar  dtnloo.tinn  sobs' met-nro  In  phock-loadod  Al-Zn-Si  alloy 


Fig.  26.  Park-field  ImaRa  r> t e hock-loaded  Al-Zn-Sl  (ST.A-2A  1-f>) 
normal  la  (TOO].  Mas.  50,000. 
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the  TEM  specimen  Is  from  near  the  top  end.  Several  dislocation  loops  and 
precipitates  can  be  seen. 

For  each  shock-loaded  specimen,  several  TEM  specimens  were  made  from  different 
positions  along  the  shock  direction.  Preliminary  study  of  Al-Zn-SI  (SLA-IA)  showed 
that  there  was  an  Increase  In  precipitate  size  after  the  passage  of  the  shock 
wave.  For  a specimen  I cm  from  the  loaded  end,  the  mean  precipitate  size  Increased 
from  107  to  180  A.  At  other  positions,  significant  growth  has  also  been  observed. 
Further  microscopy  should  reveal  any  variation  In  growth  at  different  positions 
In  the  shocked  specimen. 

In  the  case  of  Al-Zn-SI  with  IOO°C/24  hr  ageing,  the  shocked  microstructure 
also  showed  a growth  In  precipitate  size.  Table  I Is  a summary  of  the  mean 
precipitate  size  at  different  positions  from  the  load  end.  The  variation  In 
precipitate  size  was  not  very  significant  and  was  within  the  error  of  measurement. 
The  measurement  of  precipitate  size  Is  difficult  due  to  the  presence  of  dislocation 
loops.  Fair  accuracy  Is  possible  with  dark-field  Images  obtained  by  beam  deflec- 
tion using  the  precipitate  spot.  Figure  26  Is  a dark-field  Image  (specimen  No.  6) 
from  the  C0021  matrix  spot  deflected  to  the  center.  The  foil  normal  Is  DlO}#  and 
the  specimen  was  taken  0.44  cm  from  the  loaded  end  of  the  Al-Zn-SI  (SLA-2A) 


sample. 


Specimen 

No. 

Table  1 

SLA-2A 

Mean  Size 
(A) 

Distance  from 
Loaded  End  (cm) 

2 

203 

0.1 

6 

214 

0.44 

12 

135 

0.95 

13 

227 

1 .03 

20 

187 

1 .59 

28 

157 

2.45 

Figures  27a  and  b are  a dark-  and  brlght-fleld  pair  showing  the  dislocation 
structure  and  precipitates  In  SLA-2A  No.  2 from  a region  near  the  loaded  end.  The 
precipitates  were  found  to  be  about  200  A.  Some  dislocation  loops  can  also  be  seen. 
Smaller  loops  gave  contrast  effects  similar  to  the  precipitates.  Figures  28a  and  b 
are  a pair  of  electron  micrographs  of  SLA-2A  No.  12  specimen  0.95  cm  from  the 
loaded  end.  The  foil  normal  was  Cl  10]  and  the  (002)  matrix  spot  was  deflected  to 
obtain  the  dark-field  Image. 

For  Al-Zn  specimens,  the  dislocation  structure  was  similar  to  that  seen  for 
Al-Zn-SI  alloy — a planar  network  of  a high  density  of  dislocations  and  dislocation 
loops.  For  the  specimen  aged  at  room  temperature,  the  precipitates  showed  consid- 
erable growth  after  shock  loading.  The  G.P.  zones  In  the  unshocked  state  had  a 
size  range  of  30  to  50  A and  In  the  shocked  specimen  the  size  range  was  150  to 
450  A.  Table  II  Is  a summary  of  the  precipitate  size  measurements  In  the  Al-Zn 
specimen  (SLB-IA).  In  most  of  the  specimens  the  precipitates  were  found  to  have  a 
large  range  of  sizes.  Figures  29a  and  b show  bright-  and  dark-field  Images  of 
specimen  SLB-IA  No.  5.  The  precipitate  size  was  about  330  A.  The  dark-field 
Image  was  obtained  from  the  (III)  matrix  spot  and  the  precipitate  spot  near  It. 

The  foil  normal  Is  Cl  1 0D - Figures  30a  and  b are  corresponding  Images  under 
Identical  diffraction  conditions  for  the  specimen  SLB-IA  No.  16  located  1.25  cm 
from  the  loaded  end.  The  mean  precipitate  size  obtained  form  the  dark-field  Image 
was  about  200  A.  Another  dark  field  of  the  same  specimen  from  a precipitate  spot 
near  the  C002]  matrix  spot  had  a mean  precipitate  size  of  330  A. 

Table  II 
SLB-IA 


Specimen 

No. 

Mean  Size 
(A) 

Distance  from 
Loaded  End  (cm) 

5 

331 

0.37 

10 

316 

0.779 

16 

267 

1.25 

26 

366 

2.12 

34 

463 

2.88 

162 

Bright-field  (a)  and  darK-field  (b)  image  of  Al-Zn-Si  alloy 
after  shock  loading  (3LA-2A  #2)  showing  dislocations, 
precipitates  and  a grain  boundary.  Mag.  35*000. 
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Fig.  28.  Bright-field  (a)  and  dark-field  (b)  electron  micrographs  of  shocked 
Al-Zn-Si  alloy  (SLA-2A  #12)  0.95  cm  from  the  loaded  end.  Foil  normal  [1101. 
Mag.  50,000. 


Mr.  y.1} . Bripht-field  fa)  and  dark-field  (h)  electron  micrographs  of 
room  temper  ature-nj»ed  and  shocked  M-7.n  alloy  (SJ.B-1  A #5).  Moan  precipitate 
size  130  A.  Mar;.  13.000. 
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f? . 31.  (a)  Selected-arna  diffraction  pattern  from  r book-loaded  Al-Zn 

specimen  (SLB-1A  034);  (b)  dark-field  image  obtained  when  all  the  spots 
near  the  (111)  matrix  spot  were  used;  (c)  dark-field  image  when  spot  1 
was  used;  (d)  dark-field  Image  when  spot  2 was  used.  Mag.  15,000. 
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a combination  of  one  or  more  of  these  factors.  To  determine  the  role  of  vacancies 
In  pore  formation,  the  microstructure  was  designed  to  act  or  react  to  the  available 
vacancy  concentration.  Since  precipitates  grow  by  a vacancy  mechanism,  they  can 
act  as  a vacancy-getter  phase. 

In  Al-Zn-SI  and  Al-Zn  the  specimen  damage  seemed  to  be  greater  In  the  case 
where  the  specimens  had  only  room- temperature  ageing.  Further  study  of  these 
specimens  Is  required  for  a possible  explanation.  Al-Zn-SI  showed  less  damage 
than  Al-Zn  despite  the  fact  the  former  Included  silicon  particles.  This  difference 
Is  probably  due  to  the  difference  In  grain  sizes  between  the  two.  Al-Zn-SI 
specimens  were  found  to  have  grain  size  of  175  1 1,  while  the  Al-Zn  specimens  had  a 
grain  size  of  850  p.  The  Increased  grain  boundary  area  for  the  smaller-grained 
material  can  act  as  an  obstacle  to  the  propagation  of  cracks.  In  all  cases,  the 
maximum  pore  volume  was  found  to  occur  near  the  region  of  maximum  damage  and 
maximum  reduction  In  diameter. 

The  dislocation  substructure  In  face-centered  materials  subjected  to  shock 
loading  Is  believed  to  be  governed  by  the  stacking  fault  energies  Involved. 

Metals  and  alloys  with  a low  stacking  fault  energy,  such  as  stainless  steel  and 
silicon  bronze,  develop  a planar  network  of  jogged  dislocations,  while  metals  such 
as  Nl  and  Cu  develop  dislocation  cell  structures.  Table  III  Is  a list  of 
observed  dislocation  structures  In  F.C.C.  metals  and  alloys. 

Pure  aluminum,  despite  a high  stacking  fault  energy,  shows  a planar  network  of 
dislocations  (23),  It  has  been  suggested  that  the  large  number  of  Jogs,  point 
defects  and  prismatic  loops  formed  during  shock  loading  are  responsible  for  the 
absence  of  dislocation  cells.  Swann  (25)  has  shown  that  Al  does  produce  a cell 
structure  when  cold-rolled  at  ambient  temperature,  while  at  low  temperatures  and 
large  strains,  the  structures  are  comparable  to  that  produced  after  shock  loading. 
Those  metals  and  alloys  having  a low  stacking  fault  energy  produce  planar 


networks  of  dislocations  because  of  Infrequent  cross-slip. 
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Table  III 


Metal  or  Al loy 

Stacking  Fault 
Energy  (erg  cm” 2) 

Dislocation 

Structure 

Reference 

Nickel 

150 

Cel lular 

17 

Copper 

40 

Cel lular 

18,  19 

Stainless  steel 

12.5 

Planar 

20 

70/30  Cu-Zn 

7 

Planar 

21 

SI  1 Icon  bronze 

1.4 

Planar 

22 

Aluminum 

170 

Planar 

23 

AI-4.5*  Cu 

? 

Planar 

24 

Al-Zn-SI 

Al-Zn 

AI-SI 

? 

Planar 

Present  work 

In  the  present  study  of  aluminum  alloys.  It  was  found  that  no  dislocation 
cell  structures  were  formed.  The  primary  aim  of  the  study  was  to  find  how  the 
microstructure  governed  the  damage  level.  While  It  has  been  established  that 
there  Is  a general  growth  of  G.P.  zones  and  precipitates,  It  still  remains  to  be 
shown  that  maximum  growth  occurs  In  the  region  of  maximum  damage.  Such  a result 
Is  to  be  expected  If  the  maximum  vacancy  concentration  occurs  In  the  region  of 
maximum  tensile  stresses.  In  earlier  studies  of  shock-loaded  AI-4.5?  Cu,  such  a 
result  has  been  observed  (24). 

No  presence  of  mlcrotwtns,  as  have  been  seen  In  pure  copper  <18.  I9>,  has  been 
detected  In  the  A I alloys  studied.  The  precipitate  growth  In  the  Al-Zn-SI  and 
Al-Zn  alloys  can  be  attributed  to  the  excess  vacancies  produced  by  the  noncon- 
servative motion  of  the  tangled  dislocations. 

E.  CONCLUS IONS 

It  has  been  shown  that  Al  alloys  after  shock  loading  produce  mlcrostructural 
changes,  nemely,  the  growth  of  the  second-phase  particles  and  the  creation  of  a 
tangled  network  of  dislocations.  There  was  no  evidence  of  mlcrotwlns.  Further 
study  Is  required  to  see  If  there  Is  any  change  In  precipitate  size  along  the 
length  of  the  shocked  specimen. 
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The  spherical  precipitates  In  Al-Zn  alloys  are  difficult  to  Identify  when 
there  Is  a high  density  of  dislocation  loops  of  comparable  sizes.  It  Is  suggested 
that  AI-4JI  Ag  alloy  may  prove  a superior  test  alloy,  because  In  this  system  the 
sequence  of  precipitation  Includes  the  formation  of  rod-1  Ike  precipitates  from 
spherical  G.P.  zones  (26).  These  precipitates  are  never  completely  coherent, 
because  of  differing  crystal  structure,  and  this  should  help  In  Its  easy 
fdentlf I cation  even  In  the  presence  of  a high  density  of  dislocation  loops. 
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